Manuscript Length Estimation
Photoelectron Spectroscopy suffer from sputter mixing and matrix dependent effects unlike Medium Energy Ion Scattering which can readily yield absolute numbers of dopant atoms. This study reports how the interpretation of MEIS profile measurements was helped significantly by using TRIDYN [1] , an established, one dimensional, dynamic code that modelled substrate evolution during implantation by calculating collision cascades using the binary collision approximation.
The angular distributions of arriving ions and neutral species does not greatly influence dopant profiles produced in planar substrates, but can affect the doping of 3D structures. Ions, accelerated across the plasma sheath, arrive in a direction normal to the wafer surface. Neutral atoms originating from the background gas can be modelled with cosine angular distributions, but neutrals originating from other sources, such as chamber walls, can have different angular distributions. In this study, PLAD dopant profiles in FinFET like structures were measured using a TOF-MEIS system. TRI3DYN [2] is a newly developed, three dimensional version of TRIDYN, in which collision cascades initiated by particles, whose incident angular distributions can be varied, are also calculated using the binary collision approximation. The three dimensional substrate is described by voxel elements which are changed throughout the model as a result of the injected ions, sputtered atoms and collision cascade mixing. Results from TRI3DYN models were compared to the MEIS dopant profile measurements and TEM images to
give information on neutral species angular distributions and indicated implantation mechanisms occurring during PLAD processes.
PLAD Process
Bare silicon wafers, biased at 7keV, were implanted with arsenic in a VIISta PLAD system [3] in
Gloucester, MA using a plasma generated from a gas mixture of 5% The FinFET structures were measured by Korean Materials and Analysis Corporation using their TOF-MEIS system [5] which has a sample imaging capability and small primary beam spot size so that the structures contained in a square die of 250µm side could be measured. 100keV He + ions were again used for the primary beam but a 130° scattering angle was used and scattered ions were analysed using a time of flight system rather than a toroidal energy analyser as at
Huddersfield. Randomly oriented spectra were taken for entrance angles of 25° and 65° in a direction twisted 5° away from the normal into the fin sidewalls and with an entrance angle 25°
in a direction twisted 5° away from parallel to the fin sidewalls.
Elemental profiles shown in this paper were extracted from MEIS and TOF-MEIS spectra collected from measurements on randomly oriented samples using POWERMEIS [6] . To fit the spectra from planar samples, POWERMEIS trial substrates were divided into layers containing
As, Si and O atomic concentrations shown in Figure 2 by the lines and symbols. The layer thicknesses were chosen to be consistent with the TEM images, and choice of layer compositions were guided by the outputs of a TRIDYN model. Atomic concentrations have been reported rather than atomic fractions to help indicate where the layer density is lower than for fully stoichiometric compounds.
To fit spectra from FinFET samples, POWERMEIS substrates were divided into cubic voxels of 2 Angstrom side and simple layers in the fin top, bottom and sidewalls were defined within these voxels. The use of TRI3DYN model outputs as suggestions for 3D POWERMEIS trial solutions (as done for the planar case) has not yet been investigated.
Brightfield TEM images were taken by Evans Analytical Group on parts of planar samples that were coated with Iridium before the TEM lamellae were produced. Energy dispersive spectroscopy (TEM/EDS) measurements were made for some of these samples, but are not discussed further in this paper. Fin samples were first coated with carbon before making the lamellae for brightfield TEM images.
Planar PLAD Implant Results
The post implant TEM image of a planar PLAD process is shown in Figure 2a ). Ions and neutrals arrived from the left hand side of the image and the original position of the wafer surface before processing was 0 nm. Figure a) shows an amorphous / crystalline interface at +10nm created near the end of range of the As ions. The amorphous layer of uniform contrast from this interface up to the original wafer surface (0nm) consisted of As ions and recoil implanted As neutrals mixed into the Si substrate. The "intermixed layer" between 0nm to10nm contained As originating from both neutrals and ions from the plasma and Si atoms from the substrate. The TRIDYN model was constructed with assumptions for input fluxes of As ions, As atoms and other neutral species to simulate profiles that matched the measurements.
TRIDYN suggested that the amount of Si present in the intermixed layer could not have be due only to Si that had been mixed in from deeper in the substrate, so an additional flux of Si atoms was included in the flux of "other neutral species". This additional Si flux was reasonable because the chamber walls of the PLAD tool had been intentionally coated with a Si rich layer using a pre-conditioning step before any wafers were implanted and sputter products from previously processed wafers will have added to this coating. During implantation, the plasma interacted with the chamber walls to liberate Si and other atoms from the coating which could then deposited onto (or implanted into) the wafer. Hydrogen atoms, deposited as constituents of AsH x molecules or neutral H radicals, were also included in the TRIDYN model's "other neutral species" to account for the low density of the intermixed layer. Hydrogen cannot be detected by MEIS of TEM/EDS, so any layer density calculation that considered only the measured atomic fractions of Si and As would have overestimated that density. Furthermore, hydrogen initially deposited onto the wafer could have escaped from the layer to leave voids, further reducing the density. H ions were not considered as they played little role in the ion beam mixing processes. The light coloured 2.9nm thick surface layer between -10nm to -12nm in the TEM of Figure 2a ) shows a region from which As had effused after the implant, leaving behind Si which had then been oxidised.
The TEM and MEIS data following the wet chemical clean shown in Figure 2b ) indicates that almost all of the As had been removed from the intermixed layer above the original wafer surface (now marked by a dark stripe in the TEM image). The Si left behind was oxidised, forming the light coloured 12nm thick oxide layer, less dense than fully stoichiometric SiO 2 (which usually contains 2.3x10 22 Si cm -3 ). Only As beneath the original substrate surface survived the clean, most of it being recoil implanted As neutrals. In the TRIDYN based model, the clean was simulated by removing As from the intermixed layer above the original surface of the wafer but the Si was fully retained.
The atomic concentrations measured by MEIS were converted to atomic fractions and agreed well with TEM / Energy Dispersion Spectroscopy measurements of these samples (not shown).
Further TEM and MEIS measurements made post anneal (not shown) showed recrystallization of the amorphous layer up to the dark line, retention of 80% of the As and survival of the 12nm thick oxide layer which was subsequently removed by DHF. in which all the neutrals were all assumed to arrive with normal incidence (characteristic of atoms originating from the chamber walls directly above the sample). This was a better match to the as-implanted TEM than assuming that all the neutrals were gas atoms with a cosine distribution (not shown). The best fit neutral species angular distribution has not yet been determined. Even so, the agreement between the TRI3DYN model and TOF-MEIS is fair, remembering that the model does not include As loss and diffusion during the anneal and that further optimization of the TOF-MEIS spectrum analysis might be possible.
PLAD Implants into FinFETs

TRI3DYN can illustrate various mechanisms by which PLAD can introduce As atoms into a
FinFET sidewall at sufficient depth to survive the wet clean. Figure 5 shows As dopant profiles of a TRI3DYN static model in which a 140nm tall Si fin of 120nm pitch coated with 1nm thick
As neutral deposition on all surfaces has been implanted with equal numbers of As and Xe ions at 2keV to a fluence of 5x10 15 cm -2 . This static model (in which the periodic substrate relaxation was not calculated) kept the substrate unchanged throughout the process and represents a period early in the fin doping PLAD process. In a) only ions implanted into the top corner of the fin were considered, and energetic atoms from their collision cascades, could escape and implant the wall of the opposite fin with sufficient energy to penetrate the surface layer and/or recoil implant deposited As neutrals. Figure 5b) shows that ions directed at one sidewall caused recoil implantation of the deposited As neutral layer with many of the primary ions being reflected and implanted into the bottom of the trench and opposite sidewall. The number of the ions involved in this mechanism depended on the fin sidewall angle. In c) the ions implanted into the base of the trench sputtered atoms that caused doping in the sidewall, particularly near the fin bottom.
Conclusions
Measuring As profiles in planar PLAD samples using MEIS and interpreting the results to give consistency with a TRIDYN model allowed the magnitudes of ion and neutral fluxes occurring during PLAD implants to be estimated. This was very valuable as the fluxes could not be directly measured by the PLAD dosimetry system. The Si profile showed that atoms originating from chamber walls as well as those from the plasma had to be considered.
Dopant profiles in FinFETS extracted from TOF-MEIS spectra appeared to be consistent with a 
